Abstract. Entebbe bat virus (ENTV; Flaviviridae: Flavivirus), closely related to yellow fever virus, was first isolated from a little free-tailed bat (Chaerephon pumilus) in Uganda in 1957, but was not detected after that initial isolation. In 2011, we isolated ENTV from a little free-tailed bat captured from the attic of a house near where it had originally been found. Infectious virus was recovered from the spleen and lung, and the viral RNA was sequenced and compared with that of the original isolate. Across the polypeptide sequence, there were 76 amino acid substitutions, resulting in 97.8% identity at the amino acid level between the 1957 and 2011 isolates. Further study of this virus would provide valuable insights into the ecological and genetic factors governing the evolution and transmission of bat-and mosquitoborne flaviviruses.
Bat virus investigations in Uganda were initially inspired in the mid-1950s by the isolations of rabies virus and a novel flavivirus, later to become known as Rio Bravo virus (Flaviviridae: Flavivirus), from the salivary glands of insectivorous bats in the United States. [1] [2] [3] Subsequently, investigators at the Uganda Virus Research Institute (UVRI) collected bats from the attic of UVRI, dissected salivary glands, and isolated viruses by intracerebral inoculation of triturated salivary gland extracts into neonatal mice. 4, 5 This first effort resulted in the isolation of Entebbe bat salivary gland virus, strain IL-30 (Flaviviridae: Flavivirus) from a little free-tailed bat (Chaerephon pumilus) (Cretzchmar). 4, 5 The taxon was then recognized by one of its synonyms: Tadarida (Chaerephon) limbata (Peters). Lumsden and others 4, 5 determined that this isolate was a novel flavivirus through a series of neutralization tests using immune sera against 20 arboviruses as well as against Rio Bravo virus. By 1964, bat virus research had expanded at UVRI, and sampling of 1,022 additional bats yielded 14 strains of viruses including Dakar bat virus (Flaviviridae: Flavivirus) also from little free-tailed bats, and Bukalasa bat virus (Flaviviridae: Flavivirus) from Angolan free-tailed bats (Mops condylurus) (A. Smith). 6 Isolation of Mount Elgon bat virus (Rhabdoviridae: Ledantevirus) followed shortly thereafter from an eloquent horseshoe bat (Rhinolophus hildebrandtii eloquens) (K. Anderson) captured in Kenya, with the virus being isolated and characterized at UVRI. 7, 8 Additional bat virus discoveries in Uganda later included Kasokero virus (Bunyaviridae, unassigned) from an Egyptian fruit bat (Rousettus aegyptiacus) (E. Geoffroy). 9 Entebbe bat virus (ENTV, renamed), Bukalasa bat virus, and Dakar bat virus were all isolated from insectivorous bats captured in the attic of UVRI. 10 Serological surveys suggested that the infection prevalence of ENTV in wild populations of little free-tailed bats was high, but ENTV was never isolated again after the original discovery. 10, 11 To follow up on these early studies, arbovirus surveillance of bats was conducted in Uganda from 2011 to 2013. Bats were captured from attics in several locations around Entebbe and Kampala as part of a larger, country-wide sampling effort to be reported elsewhere. All bat captures were conducted under the approval of CDC/DVBD IACUC protocol 010-015. Bats were captured in attics using mist nets, taking appropriate biosafety precautions. On capture, bats were placed individually in cloth holding bags. Bats were anesthetized with halothane, exsanguinated by cardiac puncture, and euthanized by halothane overdose and cervical dislocation. Blood from bats was collected directly into serum separator tubes, centrifuged in the field, and placed immediately in a nitrogen dry vapor shipper. Liver, spleen, heart, lung, and kidney were all collected directly into cryovials and stored immediately on dry ice. In total, 95 little freetailed bats and 34 Angolan free-tailed bats were captured in 2011, 15 little free-tailed bats in 2012, and 70 little free-tailed bats in 2013.
Virus isolation was attempted first from spleens, and on a positive result, virus isolation was also performed from the remaining tissues harvested from the infected bat. A single virus was isolated from 1 of 180 (0.5%) little free-tailed bats. The infected bat was an adult male, captured in Banga, Nakiwogo (0°04.884′ N, 32°27.030′ E) on June 23, 2011, near UVRI. Infectious virus was isolated from the spleen and lung; no infectious virus was recovered from the heart, liver, or kidney. No other tissues, oral or fecal swabs were collected from the insectivorous bats captured in 2011. The isolate was initially identified as ENTV by sequencing of the flavivirus NS5 amplicon using primers FU2/CFD3, 12 followed by next-generation sequencing (NGS). Virus isolations, nucleic acid preparations, and NGS were performed as described previously. 13 Novel primers were designed from contigs generated from the NGS data using Primer 3 software (Whitehead Institute for Biomedical Research, Cambridge, MA) 14 (Supplemental Table 1 ), and the sequence for the entire genome was confirmed by direct sequencing. End terminal sequences were obtained using 5′/3′ RACE (FirstChoice ® RLM-RACE, Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. Virus-specific RACE primers are provided in Supplemental Table 1 . The 5′ outer reaction used primer 514R in combination with the 5′ RACE outer primer. The 5′ RACE inner reactions used primer 388R together with the 5′ RACE inner primer; amplification was also achieved with primers 15F + 388R. The 3′ outer reaction used either primer 9882F or 10328F in combination with the 3′ RACE outer primer. The 3′ inner RACE was not successful. (Figure 1 ). The analysis was performed using a complete deletion substitution model and 1,000 bootstrap replicates.
In total, 10,663 nucleotides of the ENTV genome were obtained (GenBank Accession number KP233893), of which the polypeptide is encoded between nucleotides 120 and 10,355. Kuno and Chang 16 published the only other existing ENTV genome (DQ837641) sequenced from the original IL-30 strain. Compared with that original sequence, we report an additional 153 nucleotides in the 3′ noncoding region, but also experienced difficulty in obtaining the complete 3′ terminal sequence. 16 Across the polypeptide sequence, there were 76 amino acid substitutions, resulting in 97.8% identity at the amino acid level between the 1957 and 2011 isolates. Before sequencing, the 1957 isolate had been passaged in suckling mouse brain, but the earlier passage history is unclear; the 2011 isolate was passaged twice in Vero cells. This 2.2% amino acid divergence is within the range that has been observed for other flaviviruses with isolations ranging between 1 and 49 years apart, [17] [18] [19] indicating relatively little change in the ENTV genome in 54 years since the first isolation.
Every gene had at least one amino acid change except for PrM and M ( Table 1 ). The highest percent divergence between the two isolates was in NS4A, 10.3% (Table 1) . NS4A is a small, multifunctional, hydrophobic protein that plays a role in modulating the host's type I interferon response. 20 It has also been shown to associate with host cellular vimentin during dengue virus replication to stabilize the replication complex. 21 The functional significance of this high percentage of amino acid divergence has yet to be determined, but Hahn and others 22 surmised that a large number of amino acid substitutions could be accommodated among the small, hydrophobic polypeptides NS2A, NS2B, NS4A, and NS4B so long as the hydrophobicity profile remained unchanged. In this case, changes to the NS4A hydrophobicity profile between these two isolates were inconsequential. Two of the 76 amino acid changes occurred at the junctions of NS2A/NS2B, and at NS4A/2K. The lengths of all of the genes were identical to those previously reported. 16 The phylogenetic relationship between ENTV and yellow fever virus (YFV) is very interesting, as YFV is historically one of the most medically important mosquito-borne flaviviruses. Although ENTV falls phylogenetically within the mosquitoborne flaviviruses and historically has been placed in the YFV group, 16, 23 it has only been isolated twice from bats (1957 and 2011) and never from wild-caught mosquitoes or humans. Figure 1 confirms the phylogenetic placement of 24 Consistent with this new grouping, ENTV shared the closest sequence homology with Sokoluk virus, which has been isolated from insectivorous bats and soft ticks in Kyrgyzstan. 25 Pathogenicity experiments were not conducted as part of this study, but originally ENTV was shown to be pathogenic to adult mice by the intracerebral route and for infant mice by both intracerebral and intraperitoneal routes. 4, 5 In our experience, it caused cytopathic effects and produced plaques on Vero cells. ENTV also replicates in mosquito cells. 26 Despite remaining an obscure bat-associated virus for over a half century, ENTV continues to circulate among little free-tailed bats in Uganda. Further study of this virus would provide valuable insights into the ecological and genetic factors governing the evolution and transmission of bat-borne and mosquito-borne flaviviruses.
